1. Introduction {#sec1-micromachines-11-00631}
===============

Photoacoustic transmitters for generating high-amplitude pulsed ultrasound have been developed in either planar or focal configuration, the latter of which allows laser-generated focused ultrasound (LGFU), which is widely used for such applications as histotripsy, drug delivery, sonothrombolysis, and lithotripsy. As effective alternatives to their conventional piezoelectric counterparts, photoacoustic transmitters have been used, taking advantage of their high pressure amplitude, in the order of MPa, and their high frequency spectrum together with broad bandwidth. Their frequency spectrum ranges over tens of MHz (even up to hundreds of MHz), which is determined by an input laser pulse profile (mostly with a duration ranging from a few to tens of ns, to allow high-energy laser pulse) and light-absorber distribution within a transmitter. The input laser pulses can be converted into short ultrasonic pulses, as the output from the photoacoustic transmitters (e.g., nano-composite), comprising light-induced heating elements (conducting fillers) and a thermal expansion medium (e.g., elastomeric polymer) \[[@B1-micromachines-11-00631],[@B2-micromachines-11-00631],[@B3-micromachines-11-00631],[@B4-micromachines-11-00631],[@B5-micromachines-11-00631],[@B6-micromachines-11-00631],[@B7-micromachines-11-00631]\].

As transmitter materials, a variety of nanostructures, including graphite, metallic films \[[@B8-micromachines-11-00631]\], gold nanoparticles and nanostructures \[[@B2-micromachines-11-00631],[@B9-micromachines-11-00631],[@B10-micromachines-11-00631]\], carbon black (CB) \[[@B7-micromachines-11-00631],[@B11-micromachines-11-00631],[@B12-micromachines-11-00631]\], carbon nanotubes (CNT) \[[@B4-micromachines-11-00631],[@B5-micromachines-11-00631],[@B6-micromachines-11-00631]\], and carbon nanofibers \[[@B13-micromachines-11-00631]\], were exploited to enhance the performance of photoacoustic transmitters. Most of these materials were designed to enhance optical absorption and thermal expansion. Due to the low specific heat capacity of nanoparticles, these can efficiently and rapidly transfer thermal energy into the surrounding medium for thermal expansion. For thermal expansion, an elastomeric polymer with a large coefficient of thermal expansion (β) is also greatly desired in order to generate high-pressure acoustic output. Polydimethylsiloxane (PDMS) has been extensively utilized for this purpose (β = 0.92 × 10^−3^ K^−1^) \[[@B5-micromachines-11-00631]\]. The photoacoustic conversion efficiency of nanocomposite transmitters, comprising carbon-based nanoparticles and PDMS, is exceptional as compared to those of other materials \[[@B5-micromachines-11-00631],[@B13-micromachines-11-00631],[@B14-micromachines-11-00631]\], e.g., CNT-PDMS films exhibit two orders-of-magnitude higher efficiency than the Cr film. The relation between absorption, volume fraction and thickness of CNTs has been analyzed \[[@B15-micromachines-11-00631]\], using finite-difference time-domain (FDTD) simulations.

Recently, stretchable devices have attracted great attention as favorable alternatives to conventional rigid devices, especially for next-generation healthcare and biomedical applications. These devices are capable of accommodating mechanical deformation during their operation, which makes them suitable for personalized healthcare systems, wearable displays and implantable devices \[[@B16-micromachines-11-00631],[@B17-micromachines-11-00631],[@B18-micromachines-11-00631],[@B19-micromachines-11-00631],[@B20-micromachines-11-00631],[@B21-micromachines-11-00631],[@B22-micromachines-11-00631],[@B23-micromachines-11-00631],[@B24-micromachines-11-00631],[@B25-micromachines-11-00631],[@B26-micromachines-11-00631]\]. A material-based approach, which includes material synthesis and fabrication, is considered to be a promising method for developing intrinsically stretchable devices \[[@B27-micromachines-11-00631]\]. Owing to their electrical and mechanical properties, nanocomposites consisting of conducting fillers and elastomers are preferred over traditional electronic materials \[[@B28-micromachines-11-00631],[@B29-micromachines-11-00631],[@B30-micromachines-11-00631],[@B31-micromachines-11-00631]\]. Previously, CB, CNTs and reduced graphene oxides were utilized as conducting fillers for producing stretchable nanocomposites \[[@B32-micromachines-11-00631],[@B33-micromachines-11-00631],[@B34-micromachines-11-00631],[@B35-micromachines-11-00631],[@B36-micromachines-11-00631]\]. As a composite matrix, the PDMS elastomer can be employed, as it can endure a significant level of mechanical strain, thus avoiding permanent deformation \[[@B27-micromachines-11-00631]\].

Among the carbon-based nanostructures, candle-soot nanoparticles (CSNPs), which are abundant carbonaceous substances, have gained significant attention due to the advantages of simple production, stability and cost effectiveness \[[@B37-micromachines-11-00631],[@B38-micromachines-11-00631],[@B39-micromachines-11-00631],[@B40-micromachines-11-00631]\], although they have relatively poor robustness, confirmed with regard to their laser-induced damage threshold, and thus they have a limited output pressure strength. They have been utilized to build super-hydrophobic surfaces, flexible infrared nanosensors, and volumetric receivers \[[@B41-micromachines-11-00631],[@B42-micromachines-11-00631],[@B43-micromachines-11-00631]\]. CSNPs have also been employed to develop thin-film photoacoustic transmitters. Chang et al. \[[@B14-micromachines-11-00631],[@B44-micromachines-11-00631]\] initially proposed such photoacoustic transmitters by transplanting spin-coated, pre-cured PDMS onto CSNPs using two glass slides, with a CSNPs-deposited slide facing toward the other slide (with a PDMS coating). Later, they improved the fabrication process by using low-viscosity PDMS (i.e., toluene-added PDMS), which was directly coated on the CSNPs deposited on a glass slide \[[@B45-micromachines-11-00631],[@B46-micromachines-11-00631]\]. Li et al. \[[@B47-micromachines-11-00631]\] constructed LGFU transmitters using an optical fiber and a photoacoustic lens coated in CSNPs. The lens was dipped in a PDMS pool at a very low speed to form a nanocomposite structure. Moreover, CSNPs have also been coated directly on the optical fiber, and on an epoxy-based micro-lens bonded to an optical fiber, to develop fiber-based miniature transmitters that incorporate CSNPs--PDMS composites \[[@B48-micromachines-11-00631],[@B49-micromachines-11-00631]\].

Despite the advantages of CSNPs--PDMS composite transmitters, they have a few disadvantages that need to be addressed. Firstly, during CSNPs deposition, the substrate should endure a high-temperature candle flame ($\sim$800--1400 °C) for a few seconds, which may damage the substrate. Secondly, the adhesion between CSNPs and the glass substrate is usually very weak, as they do not have any molecular linking or bonding to a substrate, unlike CNTs developed using a chemical vapor deposition process. Due to this reason, most of the CSNPs are easily washed away from a substrate, or often form an agglomeration during a spin-coating or dip-coating process within the PDMS matrix, which leads to significant degradation of the transmitter's performance. Importantly, previous CSNPs--PDMS composites have suffered from poor mechanical robustness against laser-induced damage, characterized by a damage threshold fluence of \< 100 mJ·cm^−2^. This greatly limits their use to low-fluence applications only \[[@B14-micromachines-11-00631],[@B44-micromachines-11-00631],[@B45-micromachines-11-00631],[@B46-micromachines-11-00631],[@B47-micromachines-11-00631],[@B48-micromachines-11-00631],[@B49-micromachines-11-00631],[@B50-micromachines-11-00631]\], not suitable for areas requiring high-pressure amplitudes, such as therapy.

We demonstrate CSNPs (conducting fillers)--PDMS (elastomer) nanocomposite-based photoacoustic transmitters, which can generate strong pressure amplitudes and endure a high laser fluence input. We describe the fabrication process of the transmitters, followed by the characterization of their photoacoustic outputs. The results confirm that the CSNPs--PDMS composite transmitters fabricated on a planar glass substrate generates peak pressure amplitudes 20, 22, 23 and 26 dB higher than that of a reference Cr film. These transmitters offer center frequencies of 2.44--13.34 MHz, and 6-dB bandwidths of 5.80--13.62 MHz. Furthermore, we obtained a stretchable nanocomposite transmitter by delaminating a composite film from the glass substrate, and evaluated its performance. As the composite is made of elastomeric polymer (PDMS), the transmitter is readily stretchable. This stretchable nanocomposite exhibited a center frequency of 6.72--9.44 MHz and a 6-dB bandwidth range of 12.05--14.02 MHz, when stretched by 19 mm. Finally, we quantified the mechanical robustness by measuring the laser-induced damage threshold, which determines the maximum-absorption energy fluence that can be tolerated in producing the ultimate output pressure from our proposed transmitters with optical absorption of \~100%. As compared to the Cr reference film (measured damage threshold = 32.9 mJ·cm^−2^), the transmitters exhibited a 1.65- to 3.30-fold higher laser damage threshold (54.3−108.6 mJ·cm^−2^). Such values are significantly higher than the values previously reported using similar CSNPs--PDMS composites (e.g., 22.93 mJ·cm^−2^ \[[@B14-micromachines-11-00631]\] and 81 mJ·cm^−2^ \[[@B47-micromachines-11-00631]\]).

2. Materials and Methods {#sec2-micromachines-11-00631}
========================

2.1. Fabrication Process {#sec2dot1-micromachines-11-00631}
------------------------

A homogeneous dispersion method was utilized to prepare a solution of CSNPs uniformly blended in PDMS. A nanocomposite film was fabricated using a drop-casting process. The schematic diagram for fabrication is shown in [Figure 1](#micromachines-11-00631-f001){ref-type="fig"}. A flame synthesis process \[[@B42-micromachines-11-00631]\] was employed to obtain CSNPs at room temperature using a paraffin wax candle with a diameter of 35 mm. A glass slide was continuously moved for several seconds within the flame core to allow uniform deposition of CSNPs. The deposited CSNPs were carefully harvested into a glass bottle by scratching the coated area with the help of a spoon. Then, we used hexane to mix with the CSNPs in a weight ratio of 20:1 (hexane:CSNPs). The mixture was sonicated for 2 h. The CSNPs--hexane solution was further mixed with PDMS prepolymer liquid and a curing agent in a ratio of 10:1 (Sylgard 184, Dow Corning, Midland, MI, USA). The ratio of PDMS to CSNPs was adjusted to 10:1, 20:1, 30:1 and 40:1 (named p10, p20, p30 and p40, respectively). Here, the hexane was used to reduce the viscosity of PDMS and thus ensure uniform mixture with the CSNPs. A planar transmitter was fabricated by drop-casting the CSNPs--hexane--PDMS solution onto a glass substrate, which was followed by a curing process at 90 °C for 30 min for evaporation of the hexane. Similarly, we also prepared the samples with different PDMS ratios with CSNPs (20:1, 30:1 and 40:1), using hexane with twice the amount of PDMS in each case. We denote each sample with a different ratio of PDMS to CSNPs as p10, p20, p30 and p40, respectively. Optical absorption for all films was almost 100% with no significant difference. Moreover, a stretchable nanocomposite film (denoted as p40d) was obtained by delamination from the glass substrate ([Figure 1](#micromachines-11-00631-f001){ref-type="fig"}f,g).

We confirmed the cross-sectional views of the fabricated CSNPs--PDMS composites by employing scanning electron microscopy (SEM) (JSM 7000F, JEOL, Tokyo, Japan). The CSNPs are spherical in shape (diameter around 40--50 nm) with a three-dimensional porous structure \[[@B14-micromachines-11-00631]\]. [Figure 2](#micromachines-11-00631-f002){ref-type="fig"} shows the images for p10 and p40. [Figure 2](#micromachines-11-00631-f002){ref-type="fig"}a,c shows the entire thickness of the composite. Enlarged views are also shown in [Figure 2](#micromachines-11-00631-f002){ref-type="fig"}b,d, which clearly confirm that p10 has relatively more CSNPs than p40. [Figure 2](#micromachines-11-00631-f002){ref-type="fig"}c,d confirm the increased composite film thickness (140 μm), and the relatively sparse distribution of CSNPs within PDMS. For p20 and p30 (not shown here), CSNP densities were between p10 and p40. The composite film thicknesses for p10, p20, p30 and p40 were 40, 82, 126 and 140 μm, respectively.

2.2. Measurement Setup for Output Pressure Waveforms {#sec2dot2-micromachines-11-00631}
----------------------------------------------------

The proposed transmitters were characterized by utilizing the experimental setup depicted in [Figure 3](#micromachines-11-00631-f003){ref-type="fig"}. The laser source was a *Q*-switched pulsed Nd:YAG laser (Litron Laser, Warwickshire, UK) (532-nm wavelength, 7-ns width, 10-Hz repetition rate and 8-mm beam diameter). The input laser energy to the transmitters was attenuated by utilizing neutral density filters. Laser irradiation was supplied to the transparent (planar) side of the transmitter. The photoacoustic waves generated by the transmitters were detected by using a polyvinylidene difluoride (PVDF) needle hydrophone with a 1-mm diameter (Precision Acoustics, Dorset, UK; 6-dB bandwidth of 20 MHz). The hydrophone was placed 2 mm away from the transmitters to satisfy a plane wave incidence configuration. The detected hydrophone signal was recorded by the digital oscilloscope (WaveSurfer 452, LeCroy, Chestnut Ridge, NY, USA) without any amplification. The waveforms generated by the transmitters were obtained by averaging 20 signal traces in a time-domain.

2.3. Measurement Setup for Laser-Induced Damage Threshold {#sec2dot3-micromachines-11-00631}
---------------------------------------------------------

The output pressure (*P*) from thin-film photoacoustic transmitters increases with incident optical fluence (*F*), Grüneisen coefficient (*Γ*) and optical absorption (*A*). It can be represented as the following: $$P = \frac{Г}{c}\ \frac{F}{\tau_{L}} \times \left( {1 - \eta} \right) \times A,$$ where *c*, $\tau_{L}$ and $\eta$ are the sound speed, the laser pulse duration, and the fraction of thermal energy sustained within heat absorbers after laser pulse duration, respectively \[[@B6-micromachines-11-00631]\]. Here, 1 − $\eta$ means the fraction of thermal energy transferred to the surrounding PDMS. Although the output pressure can be enhanced with the input optical fluence and absorption by the nanocomposite, the laser-induced damage threshold (*F*~th~) determines an upper limit of such incident optical fluence. A higher optical input (*F* ≥ *F*~th~) causes physical damage to the transmitter. Hence, for a given optical absorption, the higher the damage threshold is, the stronger will be the maximum-available output pressure achieved by the transmitters.

The mechanical robustness of each transmitter was assessed by measuring the laser-induced damage threshold. [Figure 4](#micromachines-11-00631-f004){ref-type="fig"} shows the experimental setup. The same laser source already described in the previous setup was used to excite transmitters through a circular aperture with a 3-mm diameter. A digital microscope (Dino-Lite Pro, AnMo Electronics Corporation, Hsinchu, Taiwan) was fixed to capture optical images from the transparent side of the transmitters. We followed the measurement steps previously reported in \[[@B6-micromachines-11-00631]\], by increasing the incident laser fluence (mJ·cm^−2^) until a physical damage occurred.

3. Results and Discussions {#sec3-micromachines-11-00631}
==========================

3.1. Output Characteristics of CSNP--PDMS Composite Transmitters {#sec3dot1-micromachines-11-00631}
----------------------------------------------------------------

We measured time-domain waveforms generated by the CSNPs--PDMS composites (p10, p20, p30 and p40) and the reference Cr film using the same laser energy of 1.5 mJ/pulse. The measured output pressure waveforms are shown in [Figure 5](#micromachines-11-00631-f005){ref-type="fig"}a. The p10 composite generates an output pressure amplitude 20 times (26 dB) higher than that of the Cr film, and 3, 4 and 6 dB higher than those of the other three composites (p20--p40), respectively. The composites p20, p30 and p40 produce output pressures 23, 22 and 20 dB stronger than that of the Cr film, respectively. Such a strong output signal from the composites is mainly due to the high optical absorption and heating of the nanoscale absorbers, due to the low specific heat capacity (here, CSNPs), and the rapid transition of thermal energy to the surrounding PDMS with a high coefficient of thermal expansion. The higher performance from p10 as compared to other composites results from the higher concentration of CSNPs within the PDMS, as depicted in [Figure 2](#micromachines-11-00631-f002){ref-type="fig"}b. It is clear that the CSNP particles in p40 are very sparsely distributed, as compared to p10. The overall film thickness also increases with the increase in the ratio of PDMS to CSNPs. The thinnest composite, p10 (40 µm), generates the strongest peak pressure, as compared to p20--p40, whereas the thickest composite, p40 (140 µm), generates the lowest peak amplitude as an output. For the transmitters p10--p40, we assume a uniform mixture (i.e., distribution) of CSNPs in PDMS, as they were prepared by the solution-based process with minimal agglomeration of CSNPs. This means that the optical absorption is uniform across the film's thickness. Thus, p10 generates the highest peak pressure compared to the others, as the optical absorption in p10 can be tightly confined to a shorter depth.

The measured waveforms resulted from the summation of forward-going (the transmitter to the detector) and backward-going (toward the glass substrate) waves, the latter of which is reflected by the glass substrate, changing its direction to forward. The depth of the optical absorption in the transmitter determines the delay in time between these propagating waves. The greater the absorption thickness is, the longer the time delay will be between them, which causes the output pulse width to broaden \[[@B51-micromachines-11-00631]\]. Normalized temporal positive pulse widths are depicted in [Figure 5](#micromachines-11-00631-f005){ref-type="fig"}b. The widths were 36, 43, 45 and 58 ns for p10--p40, respectively, which is proportional to the round-trip delay path of each backward-going wave.

[Figure 5](#micromachines-11-00631-f005){ref-type="fig"}c shows the frequency spectra obtained from the time-domain waveforms. These spectra include the bandwidth effect of the PVDF hydrophone. As the pulse broadening effect is caused by the increased amount of PDMS (increase in film thickness), the center frequency and the 6-dB bandwidth decreased from 13.34 to 2.44 MHz, and from 13.62 to 5.80 MHz, respectively. The characteristics for all transmitters are summarized in [Table 1](#micromachines-11-00631-t001){ref-type="table"}.

For the stretchable nanocomposite (p40d), we measured the time-domain waveforms for different stretching lengths. The original length of the nanocomposite without being stretched was found to be 32 mm, which was then stretched in 1-mm steps to the maximum of 19 mm before being damaged. The maximum-achievable longitudinal strain was 0.59 for the 19-mm elongation from the initial 32-mm length.

The normalized output pressure waveforms for different strain (*S*) values (*S* is defined as the ratio of a longitudinal change in length to the original length) are represented in [Figure 6](#micromachines-11-00631-f006){ref-type="fig"}a, where *S* = 0 corresponds to the case without any strain applied to the nanocomposite. After the elongation process, the nanocomposite film completely recovered its initial length. As the nanocomposite thickness was reduced by the stretching process, the pressure amplitude was enhanced. A 3.45-dB higher peak pressure amplitude was obtained at *S* = 0.46 (the condition before damage), as compared to that obtained at *S* = 0.15. However, the pressure at *S* = 0.15 was still 2.48-dB higher than that of the unstretched composite. The frequency spectra obtained from the time-domain waveforms are represented in [Figure 6](#micromachines-11-00631-f006){ref-type="fig"}b. These shows that, with the increased strain from 0 to 0.59, the center frequency shifts towards the higher range, from 6.72 to 9.44 MHz.

Under strain, the CSNPs move in a direction perpendicular to the stretched length. This results in an increase in the volume fraction of CSNPs in the PDMS matrix. Thus, as the strain enhances, the CSNP particles being stretched come closer to each other, increasing the local concentration of CSNPs \[[@B52-micromachines-11-00631]\]. As shown in [Figure 6](#micromachines-11-00631-f006){ref-type="fig"}a, this leads to an increased output amplitude and a decreased pulse width (FWHM), from 30 to 24 ns. A higher frequency response is also confirmed in [Figure 6](#micromachines-11-00631-f006){ref-type="fig"}b, from 12.05 to 14.02 MHz. Therefore, the photoacoustic conversion efficiency can be increased with strain. This demonstrates that the strain-induced change in the absorption thickness, as well as an incremental change in the volume fraction of the nanoparticles, can be used as a way to tune the output frequency characteristics.

We obtained the stress-strain relation for the stretchable nanocomposite. In this case, the same sample (p40d) was utilized, with an original length of 12 mm and width of 25 mm. The composite was again stretched in 1-mm steps. Then, the corresponding force and stress were measured. For a longitudinal strain of 0.58 (i.e., the length extended from 12 to 19 mm as the maximum), the total applied force and stress were measured to be 0.74 N and 2.47 kPa, respectively. [Figure 6](#micromachines-11-00631-f006){ref-type="fig"}c shows that stress is directly proportional to strain within the elastic limit of the nanocomposite. During the stretching process, the film also exhibited a necking effect, with the width reduced to 21.5 mm at a stress value of 2.14 kPa. The film underwent a brittle fracture with a clean cut when stretched beyond its elastic limit (*S* = 0.59) \[[@B53-micromachines-11-00631]\].

3.2. Mechanical Robustness for High-Energy Optical Absorption {#sec3dot2-micromachines-11-00631}
-------------------------------------------------------------

We measured the laser-induced damage threshold for our transmitters. Microscopic images for the transmitters are depicted in [Figure 7](#micromachines-11-00631-f007){ref-type="fig"} after pulsed laser irradiation. Here, an incident laser beam power represented by "*n* (dB)" was increased by a step of 1-dB. At *n* = 0, the obtained average laser beam power, pulse energy (*E*) and fluence (*F*) were 16.67 mW, 1.60 mJ and 22.9 mJ·cm^−2^, respectively. As shown in [Figure 7](#micromachines-11-00631-f007){ref-type="fig"}, the laser-induced ablation for the reference Cr film started at *n* = 2 dB, corresponding to *E* = 2.30 mJ and *F* = 32.9 mJ·cm^−2^, whereas the ablation process for p10 started to appear when *E* was equal to 3.80 mJ (i.e., *F*~th~ = 54.3 mJ·cm^−2^). The laser damage threshold (*F*~th~) of p10 was 1.65-fold higher than that of the reference Cr film. For p20, the ablation started at *E* = 4.60 mJ, corresponding to *F*~th~ = 65.7 mJ·cm^−2^. The ablation threshold fluence for the p30 increased to 91.4 mJ·cm^−2^, which was 39% more than that of p20. Similarly, p40 presents a \~19 % higher damage threshold than p30, corresponding to *F*~th~ = 108.6 mJ·cm^−2^. For p10−p40 with \~100 % absorption, the maximum-absorption energy fluences (i.e., the product of optical absorption and the damage threshold) obtained were 54.3, 65.7, 91.4 and 108.6 mJ·cm^−2^, respectively. This confirms that the damage threshold increases with the ratio of the PDMS to CSNPs.

The p10 transmitter includes a higher concentration of CSNPs in PDMS than the others, leading to a shallower depth of optical absorption (i.e., a narrow temporal pulse width). Thus, under the same irradiation condition, the physical adhesion between the composite and the glass substrate for p10 would be exposed to a thermal load heavier than the other lower-density transmitters. For this reason, the p10 transmitter has the lowest damage threshold among transmitters compared here. Previously, the output pressure amplitude of p10 was two-fold stronger than that of p40 ([Figure 5](#micromachines-11-00631-f005){ref-type="fig"}a). This means that the maximum-available pressure amplitude for p10 would be similar to that of p40, although p40 has a damage threshold double that of p10. However, we note that p10 has higher frequency characteristics than p40, despite the similar pressure amplitudes ultimately available for p10 and p40 at the upper limit of input laser energy. The laser damage thresholds of our composite transmitters range from 54.3 to 108.6 mJ·cm^−2^. This is similar to other values reported elsewhere for CSNPs--PDMS composite films (e.g., 81 mJ·cm^−2^ \[[@B47-micromachines-11-00631]\]) and CNT-PDMS composites fabricated by an electro-spinning process (120 mJ·cm^−2^) \[[@B54-micromachines-11-00631]\]. However, it is much lower than the 477 mJ·cm^−2^ obtained from the CNT--PDMS composite films containing CNTs grown via a chemical vapor deposition process \[[@B6-micromachines-11-00631]\].

Although the CSNPs--PDMS composite has an advantage in terms of its simple and low-cost fabrication process, its damage threshold still limits its possible application to diagnosis, not therapy. Due to the limited output pressure amplitude, previous CSNPs--PDMS composites were not used for in vivo applications requiring a significant tissue depth, of at least \>1\~2 cm. For cavitation-based therapy, photoacoustic lenses with low damage threshold values were often operated in a dual excitation manner with an additional transducer, or with externally injected seed bubbles \[[@B12-micromachines-11-00631]\]. In order to overcome such complexities in treatment, and to be useful for in vivo applications, the damage threshold of CSNPs--PDMS should be further increased. The output pressure amplitudes from these composite transmitters can also be increased by enhancing the photoacoustic energy conversion efficiency. In terms of composite formation, the spatial dispersion of carbon nanoparticles is essential in achieving favorable mechanical or electronic characteristics, and can thus improve such conversion efficiency \[[@B55-micromachines-11-00631],[@B56-micromachines-11-00631],[@B57-micromachines-11-00631]\].

4. Conclusions {#sec4-micromachines-11-00631}
==============

We characterized the performances of the CSNPs--PDMS-based photoacoustic transmitters. We prepared the solution of CSNPs--PDMS, and analyzed the output pressure waveforms. The CSNPs--PDMS transmitters exhibited a center frequency of 2.44--13.34 MHz, and 6-dB bandwidth ranges from 5.80 to 13.62 MHz. As the ratio of PDMS to CSNPs increases, the amplitude of the acoustic signal decreases (also, the frequency response shifts towards a lower range). Importantly, we quantified the mechanical robustness with different ratios of PDMS to CSNPs, and then compared them with the reference Cr film. The CSNPs--PDMS transmitters not only produced significantly high-amplitude pressure outputs, but also endured a laser fluence up to 108.6 mJ cm^-2^, which is 36% higher than the previous CSNPs--PDMS transmitters \[[@B47-micromachines-11-00631]\]. Moreover, a stretchable nanocomposite transmitter was fabricated by delaminating the composite film from the glass substrate, and its performance was also analyzed. The stretchable nanocomposite provided a center frequency of 6.72--9.44 MHz, and 6-dB bandwidth ranges from 12.05 to 14.02 MHz, when a high longitudinal strain of 0.59 was applied with stretching from the initial length of 32 mm to 51 mm. The composite completely recovered after elongation, which suggests reversible use together with frequency tunability. We expect that the stretchable composites can be further developed for application in patch-type devices, that conformally adhere on skin for diagnostic and therapeutic applications.
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![Fabrication process of candle-soot nanoparticles and polydimethylsiloxane (CSNPs--PDMS) nanocomposite. (**a**--**e**) Steps involved in the fabrication of the nanocomposite transmitter. (**f**,**g**) Examples of the stretchable nanocomposite films detached from a glass substrate.](micromachines-11-00631-g001){#micromachines-11-00631-f001}

![Scanning electron microscopy (SEM) photographs of the CSNPs--PDMS composite films (p10 and p40). Cross-sectional views for entire film thickness are shown in (**a**,**c**) for p10 and p40, respectively. Enlarged views for p10 and p40 are also shown in (**b**,**d**).](micromachines-11-00631-g002){#micromachines-11-00631-f002}

![Experimental setup for characterization of the CNSPs--PDMS transmitters.](micromachines-11-00631-g003){#micromachines-11-00631-f003}

![Experimental setup to measure the laser-induced damage threshold of CNSPs--PDMS transmitters.](micromachines-11-00631-g004){#micromachines-11-00631-f004}

![(**a**) Time-domain waveforms generated by the transmitters; (**b**) Comparison of normalized temporal pulse widths for the waveforms obtained in (**a**); (**c**) Frequency spectra obtained from the time-domain waveforms in (**a**).](micromachines-11-00631-g005){#micromachines-11-00631-f005}

![(**a**) Time-domain waveform generated by p40d transmitter under different strain values; (**b**) Frequency spectra measured from the time-domain waveforms in (**a**). (**c**) Stress-strain curve for p40d transmitter within its elastic limit.](micromachines-11-00631-g006){#micromachines-11-00631-f006}

![Photographs depicting the film surface of photoacoustic transmitters after pulsed laser irradiation. A given laser energy and fluence are shown in the first and second row, respectively. The red arrows indicate the starting point where ablated spots are firstly shown in each transmitter. No ablation was observed for p20--p40 with fluence less than 54.3 mJ·cm^−2^ (images not shown).](micromachines-11-00631-g007){#micromachines-11-00631-f007}

micromachines-11-00631-t001_Table 1

###### 

Summarized characteristics of the CSNPs--PDMS and reference Cr film transmitters.

  ------------------------------------------------------------------------------------------------------------------
  Transmitters   Normalized Peak Pressure (a.u)   Central Frequency (*F*~c~) (MHz)   *F*~-6dB~\   Pulse Width (ns)
                                                                                     Bandwidth    
  -------------- -------------------------------- ---------------------------------- ------------ ------------------
  p10            1.000                            13.34                              13.62        36

  p20            0.698                            3.90                               7.17         43

  p30            0.630                            3.30                               6.40         45

  p40            0.518                            2.44                               5.80         58

  Cr             0.048                            9.80                               11.50        43
  ------------------------------------------------------------------------------------------------------------------
